The basic understanding of high-intensity femtosecond laser absorption in a solid is crucial for high-energy-density science. This multidimensional problem has many variables like laser parameters, solid target material, and geometry of the excitation. This is important for a basic understanding of intense laser-matter interaction as well for applications such as 'plasma mirror'. Here, we have experimentally observed high-intensity, high-contrast femtosecond laser absorption by an optically polished fused silica target at near-relativistic laser intensities (∼10 18 W/cm 2 ). The laser absorption as a function of angle of incidence and incident energy is investigated for both p-and s-polarized pulses in detail, providing a strong indication of the presence of collisionless processes. At an optimum angle of incidence, almost as large as 80% of the laser (p-polarized) energy gets absorbed in the target. Such a high percentage of absorption at near-relativistic intensities has not been observed before. At smaller angles of incidence the high reflectivity (e.g. about 60 -70% at 30
A thorough investigation of a high-intensity laser absorption in a solid target is important for understanding the basic processes and their consequences [1] [2] [3] [4] [5] . Various mechanisms of high intensity short pulse laser absorption (resonance absorption, vacuum heating, anomalous skin effect, J × B heating etc.) by solids have been predicted, explored with numerical simulations, analytical works and experimental studies [6] [7] [8] [9] [10] . All these absorption mechanisms related to high intensity short pulse lasers are very sensitive to several experimental parameters, such as (i) laser intensity at target surface -the local intensity of the laser on the target surface can be optimized by various target designs 11, 12 , (ii) preplasma scale length -which depends on prepulse intensity contrast of the laser, (iii) angle of incidence and polarization of the laser. In a typical experiment, extracting the contribution of a particular mechanism is often difficult.
Vacuum heating is one of the key processes of intense laser absorption, where an obliquely incident intense electromagnetic wave on a sharply bounded overdense plasma drags the electrons into the vacuum, and sends back into the overdense plasma (first identified by Brunel 7 ). Thereafter, several of numerical simulations 9,13,14 were used to predict this process until the first experimental observation was reported by Grimes et al. 15 at non-relativistic intensities. This process needs a preplasma scale length smaller than the quiver amplitude of the electrons in the presence of the laser field. However, this process at near-relativistic intensities still remains unexplored.
A previous study by Ping et al 4 using 150 fs laser pulses showed more than 80% absorption beyond the intensities of 10 20 W/cm 2 by combined effect of 'large preplasma' and 'hole-boring'. At oblique incidence the dependence of the laser absorption at near-relativistic intensities (around 10 18 W/cm 2 ) was not clear due to noise in the signal. Also the experiment was performed only at two angle of incidence. Another study by J. R. Davies 16 shows the femtosecond laser absorption and simulation across a broad intensity range up to beyond 10 20 W/cm 2 . However, none of the experimental observation capture a clear behaviour in the near-relativistic intensity regime.
In this study, we investigate near-relativistic intensity (∼ 10 18 W/cm 2 ), high contrast (∼10 −9 ), 30 fs laser absorption in a fused silica target. Dependence of the absorption on angle of incidence and incident laser intensity is explored in detail. An indication of a strong vacuum heating, particularly at much oblique incidence, is observed. Absorption as high as 80% of the laser energy is seen for the first time at near-relativistic intensities. On the other hand, at smaller angle of incidences the high reflectivity (e.g. about 60 -70% at 30
• incidence) indicates that this study is relevant in the research of plasma mirror at these intensities 17 .
EXPERIMENTAL SETUP
The experiment was carried out using a high intensity contrast (∼10 −9 ), high power Ti:Sapphire laser system (100 TW, 800 nm, 30 fs) at Ultrashort Pulse High Intensity Laser Laboratory (UPHILL) at Tata Institute of Fundamental Research, Mumbai. The laser was focused by a gold coated off-axis parabolic mirror to a spot of ∼11 µm (FWHM) on a plane 100 µm-thick fused silica target kept inside 10 −6 Torr vacuum chamber. Two energy meters were used to measure the reflected and transmitted laser energy and thereby the absorbed laser energy (non-specular scattering < 2% of input). The solid angles covered by the energy meter sensors (pyroelectric, OPHIR PE100BF-DIF-C) at the interaction point, were a few times larger than those for the specular laser reflection (see Fig. 1 ). Transmission-calibrated glass-debris-shields were placed in front of those energy meters to protect them from energetic particles. We repeated this measurement at various angle of incidence . The reflected and transmitted lasers were collected by energy meter-1 and 2 respectively. The angle of incidence (θ) was varied from 30
• to 75
• for both the case of p-ans s-polarization.
with a range (10 to 530 mJ) of incident energies both for p-and s-polarization of the laser. For each experimental condition, data were taken over several laser shots to minimize the uncertainty (error) in the measured absorption.
RESULTS AND DISCUSSION Figure 2 shows the variation of laser absorption as a function of angle of incidence for both p-and s-polarized laser with (230 ± 10) mJ incident energy. The focused laser intensity at the target surface in this case was I L 10 18 W/cm 2 . The absorption for p-polarized laser increases from ∼ 40% at 30
• angle of incidence to ∼ 80% at 65
• . Beyond this angle, the absorption tends to decrease. On the other hand, for s-polarized laser the absorption decreases from ∼ 25% at 30
• angle of incidence to ∼ 15% at 55
• . Beyond this angle, the absorption always remains low. This result of increasing separation between the absorption curves (for p-and spolarization) with increase in angle of incidence strongly indicates dominant collisionless collective absorption processes for near-relativistic intensity pulses and is particularly prominent at higher angles of incidence.
The absorption of p-polarized laser as a function of angle of incidence is plotted in Fig. 3 , at various incidence energies up to 100s of mJ. From 40 -50% level at 30
• , the absorption increases to 70 -80% level at 65
• angle of incidence. The absorption decreases from 65
• to 75 angle of incidence except for the case of 134 mJ energy, where it shows less rate of increase instead of a decrease. Figure 4 (a1 to a5) compares the variation of the absorption as a function of incident laser energy in both laser polarizations for various angle of incidences (30
• , 45
• , 55
• , 65
• , and 75
• , respectively). Almost for all laser energies, the separation between the absorption curves (for p-and s-polarization) increases with the angle of incidence. The large separation between the absorption curves in p and s-polarized laser, particularly at higher • , 45
• angle of incidence, indicates strong collisionless contributions in this entire laser energy range. Fig. 4(b) shows the variation of absorption of p-polarized pulses at near-relativistic intensities for three different angle of incidences, 30
• (green triangles), 45
• (blue squares), 65
• (red circles). The absorption, being almost constant for 30
• angle of incidence around ∼ 10 18 W/cm 2 , increases slowly towards relativistic intensities. For 45
• angle of incidence, the absorption keeps on increasing across this whole intensity range. On the other hand, for 65
• angle of incidence, the absorption first increases (more steeply compared to former cases) upto ∼ 10 18 W/cm 2 and then decreases rapidly. We think that for 65
• angle of incidence, where the vacuum heating could be the dominant absorption mechanism, increase in laser intensity changes the density scale length to go beyond electron oscillation amplitude. For other angles this reversal could be at much higher intensities which we did not observe in our experiment. However more detailed experiments and simulations are required to confirm this hypothesis.
The oscillation amplitude of the electrons driven by the field of near-relativistic intensity laser (I = 3 × 10
18

W/cm
2 ) can be estimated as ( ing process. Additionally there could be some contribution from anomalous skin effect. However, the anomalous skin effect should monotonically increase with angle of incidence until 90
• angle of incidence except in a small interval around it 8 . However, it is difficult to compare of our experimental results with these simple analytical models. For an instance, analytic Brunel heating estimates assume that the preplasma conditions are not substantially changed by the interaction of the laser pulse with the plasma, which may not be correct. In relatively recent work 18 , proposed an analytical fluid model for vacuum heating during the oblique incidence by an ultrashort ultraintense p-polarized laser on a solid-density plasma. It is shown that, the optimum angle of incidence for maximum laser absorption moves towards higher values for higher incident intensities. However, much lower absorption coefficients are found. Absorption was most efficient at a L ∼ 1.5 for an optimum angle around 45
• -52
• . The electron density at the target surface is usually found to be significantly altered by the laser ponderomotive force, 18 an effect not considered in the earlier studies. Cai et al. 18 also showed that absorption rate increases with density scale length. Figure 6 shows that, the pump reflectivity for the spolarization are very high (more than 65%) for all angles of incidence. At 75
• angle of incidence it reaches around 90%. The pump transmission for the s-polarization remains at or below 10%. Whereas for the p-polarization, the reflectivity reaches a minimum at 65
• angle of incidence and keeps on increasing towards lower angle of incidences (e.g. about 60% at 30
• ). The pump transmission for this case remains around or below 15%. The high reflectivity for both the polarizations at lower angles of incidence indicates that, this study is fundamentally important towards achieving an efficient plasma mirror at relativistic intensities.
SUMMARY
In summary, absorption of a near-relativistic intensity high contrast laser by a fused silica target is explored in detail. We have observed the dependence of the absorptivity on angle of incidence and incident laser energy. A strong indication of vacuum heating process, particularly at highly oblique incidences (55
• -75 • ), is experimentally observed. For the first time, absorption as high as 80% of the laser energy is experimentally shown to be possible at near-relativistic intensities. Furthermore, the high reflectivity for both the polarization towards lower angle of incidences indicates that, this study is fundamentally important for the physics and application of plasma mirror at near-relativistic intensities. For a more clear understanding of our observations, simulations are needed.
